Heterocyclic compounds including nitrogen (quinoline, isoquinoline, and pyridine) were separated from n-heptane mixtures through supported liquid membranes using room temperature ionic liquids, based on 1-alkyl-3-methylimidazolium and quaternary ammonium salts. The organic nitrogen compounds selectively permeated the membranes. The differences in the structures of room temperature ionic liquids had little effect on the permeability of organic nitrogen compounds. Liquid membranes that used more hydrophilic room temperature ionic liquids yielded higher selectivity. Lower pyridine concentration and temperature caused increases in selectivity. Application of supported liquid membranes based on ionic liquids has potential for the separation process of organic nitrogen compounds and heptane.
Introduction
Reduction of the sulfur, nitrogen, oxygen, and aromatic contents in petroleum fractions is very important for environmental protection, and removal generally relies on a catalytic hydrogenation process. Recent regulations requiring lower sulfur levels now demand processes for deeper desulfurization. However, organic nitrogen compounds, such as quinoline, indole, and carbazole, are the major inhibitors of sulfur removal through hydrodesulfurization 1) 3) . Therefore, the removal of nitrogen is essential for future refi nery processes. Generally, hydrodenitrogenation is the most diffi cult hydrogenation reaction because such deep hydrogenation processes have high energy and hydrogen consumption, so other processes are needed. Methods based on solvent extraction method have been proposed 4) , 5) with the advantages of low energy cost, elimination of hydrogen usage, retention of the chemical structures of the fuels, and no special equipment requirements 6) . Novel desulfurization processes have been suggested for fuel oils based on photochemical reactions and solvent extraction 7) . The suitability of ionic liquids as green solvents for chemical processes has been frequently recognized because of the negligible vapor pressure, as replacements for volatile, conventional organic solvents 8),9) . Ionic liquids have been used to replace organic solvents in the fi eld of separation processes 6) . Desulfurization and denitrogenation have been investigated with solvent extraction using ionic liquids 10) 13) . The large amount of ionic liquids used as solvents in liquid-liquid extraction systems is expensive because of the extremely high cost of ionic liquids compared with conventional organic solvents. Recently, studies on a supported liquid membrane (SLM) system have used ionic liquids as membrane solutions. The supported liquid membrane process, which combines extraction and stripping processes, requires less solvent than liquidliquid extraction systems, but the membrane stability is critical 14) . No leakage of ionic liquid was reported from the membrane pores and high operational stability of supported ionic liquid membrane 15) . Previously, we reported that aromatic hydrocarbons selectively permeated the supported ionic liquid membrane against aliphatic hydrocarbons 16, 17) . The present study examined the application of ionic liquids to supported liquid membranes for separating organic nitrogen compounds from aliphatic hydrocarbons, as a preliminary investigation for the development of a simultaneous separation process for nitrogen and sulfur from fossil fuels.
Experimental

1. Materials
Imidazolium-based ionic liquids were prepared from the hexafl uorophosphates of 1-n-butyl-, 1-n-hexyl-, and 1-n-octyl-3-methylimidazolium, Fig. 1 . All other reagents were of analytical grade and were used without further purifi cation.
Permeation through Supported Liquid
Membranes The membrane material was porous polyvinylidene fluoride film (PVDF, Millipore), with a pore size of 0.45 µm and membrane thickness of 125 µm.
The supported liquid membranes were prepared at room temperature by impregnating the porous fi lm with ionic liquid for 24 h. Penetration of ionic liquid into the membrane was confi rmed by measuring the weight difference before and after the immersion treatment.
The feed solutions were a mixture of organic nitrogen compounds and n-heptane. Quinoline, isoquinoline, and pyridine were used as the organic nitrogen compounds. n-Hexadecane was used as the receiving solution. The experimental apparatus is shown in Fig. 2 . A membrane with an effective area A of 12 cm 2 was fixed in the apparatus. The transport experiment was initiated by adding 100 ml of each solul of each solul tion into the respective compartments at 30 C. The stirring speed of the magnetic bar in each cell was controlled at 300 rpm. Samples of hydrocarbon were withdrawn at regular time intervals. n-Heptane concentrations were determined by GLC (gel permeation chromatograhy) analysis using an internal standard method, and the concentrations of organic nitrogen compounds were determined by UV (ultraviolet) spectrophotometry.
Results and Discussion
The permeation flux J through the supported ionic J through the supported ionic J liquid membrane can be expressed by the following equations 16),17) in the initial stage:
where A, V, and V, and V t are the area of the membrane, the volt are the area of the membrane, the volt ume of the feed phase, and time, respectively. Superscript 0 denotes the initial state. Here, we discuss permeability P, obtained from the plots on the left hand side of Eq. (2) versus t in the initial period.
t in the initial period. t Furthermore, we calculated the selectivity of permeability of organic nitrogen compound from heptane, as defi ned by Eq. (3). First, we examined the effects of organic nitrogen compounds on permeability. Table 1 lists the permeability of organic nitrogen compounds, heptane, and selectivity. Permeation rates increased in the order of heptane << isoquinoline < quinoline ≤ pyridine for all SLMs based on ionic liquids investigated and water. This order corresponds to the hydrophilicity of the organic nitrogen compounds, isoquinoline (log PO/W = 2.08, where log PO/W is the logarithm of the partition coeffi cient of the organic nitrogen compounds in 1-octanol and water and is a measure of the hydrophobicity), quinoline (2.00), and pyridine (0.65). However, in this study the permeation rates of these compounds, including heptane, were about ten times higher than those of aromatic compounds benzene (1.99), toluene (2.54), and p-xylene (3.09), as well as heptane from a mixture of heptane and aromatic compounds reported in a previous study 16) . Hydrophilicity was found not to be a key factor in the permeation process. The difference in permeation rates between organic nitrogen and aromatic compounds is considered to be caused by polarity differences. The values of solvent polarity ET(30) 19) for organic nitrogen compounds are about 40 kcal/mol and about 34 kcal/mol for aromatic compounds, suggesting that organic nitrogen compounds are more polar than aromatic compounds. The values of ET(30) for ionic liquids 20) are larger than 50 kcal/mol, suggesting that ionic liquids interact well with more polar compounds. Therefore, the present study found that permeation rates through the SLM based on ionic liquids were mainly controlled by the polarity of the permeating species; but species hydrophilicity should be considered if the polarities are similar.
Next we examined the effect of ionic liquids on permeability and selectivity. [T] gives the highest permeability because, as described previously 17) , the viscosity is much lower than those of other ionic liquids. The differences in permeabilities between ionic liquids are relatively small, whereas for aromatic hydrocarbons 16) , permeability through a SLM based on [T] is 2-5 times higher than [C4mim][PF6]. This may be due to the high affi nity of organic nitrogen compounds with ionic liquids as described above.
[B] and [C4mim][PF6] gave the highest selectivity. Generally, higher permeability caused lower selectivity. Therefore, the selectivity of organic nitrogen compounds from heptane was not as high as that from aromatic hydrocarbons. However, if the viscosities of the ionic liquids were (a) quinoline-heptane, (b) isoquinoline-heptane, and (c) pyridine-heptane. Initial concentration of organic nitrogen compounds was 50 vol%. (2) similar, selectivity increased as the hydrophilicity of the ionic liquids increased, corresponding to the smaller log PO/W values listed in Table 1 .
2. Effects of Pyridine Concentration
The permeability and selectivity of membranes are functions of feed concentration 21) in membrane separation. Permeation experiments of pyridine into liquid membranes containing [C4mim][PF6] were conducted. Table 2 shows the effects of feed concentration on permeation behavior. As pyridine content increased in the feed, pyridine permeability gradually increased and selectivity sharply decreased. Decline in benzene selectivity was observed in the separation of benzene/ cyclohexane with polymeric membranes and can be explained by the plasticization effect of benzene on the membrane 21) . As benzene content increases, the membrane is swollen and relaxed polymer chains allow for enhanced permeation of cyclohexane. However, this idea does not apply to our study because the solutes permeate the ionic liquid. Pyridine content in the membrane increased with increasing pyridine concentration in the feed. This may cause changes in membrane characteristics such as polarity and hydrophilicity to promote the heptane permeation. This idea can explain the higher permeability of heptane in the presence of organic nitrogen compounds than in the presence of aromatic hydrocarbons because of the high affinity of organic nitrogen compounds with ionic liquids.
Temperature Effects on Permeability and
Selectivity One disadvantage of SLMs using conventional organic solvent and water is the loss of membrane liquid caused by volatilization or dissolution in the contacting phase 14) . Therefore, temperature increases cause destabilization of the membrane. On the other hand, ionic liquids have extremely high thermal stability and immeasurably low vapor pressure properties, so the temperature effect (5-90 C) on the permeability and selectivity of the supported ionic liquid membrane was examined. Figure 5 shows the Arrhenius plot and selectivity for the permeability of pyridine and heptane through the SLM based on [C4mim][PF6]. Permeability increased and selectivity decreased with increasing temperature as in other membrane separation systems 21) . The permeability logarithm decreased linearly with the reciprocal of temperature, and permeation behavior followed an Arrhenius type relation. The apparent activation energy for permeation was 4.46 kJ/mol for pyridine and 10.4 kJ/mol for heptane. According to the dissolution-diffusion model, membrane selectivity is infl uenced by the membrane s affi nity to components of the feed and the ease of diffusion of molecules through the membrane matrix. Since diffusivity is generally insensitive to temperature and the diffusivity of pyridine is not so different from heptane, the temperature dependency of the affi nity between pyridine and ionic liquid may differ from heptane. Unfortunately, we did not confi rm the solubility temperature dependency since the solubility of pyridine is immeasurable because of the complete miscibility between pyridine and ionic liquid within the investigated temperature range.
Conclusion
Supported liquid membranes impregnated with ionic liquids were investigated to separate organic nitrogen compounds such as pyridine, quinoline, and isoquinoline, as well as heptane. Organic nitrogen compounds selectively permeated the membrane. Permeation rates through the SLM were mainly controlled by the polarity of the permeating species; but the hydrophilicity of the species should be considered if the polarities are similar. The difference in structure of the room-temperature ionic liquids had little effect on the permeability of organic nitrogen compounds. The liquid membrane containing more hydrophilic room-temperature ionic liquids had higher selectivity. Lower pyridine concentrations and temperature increased selectivity. These experimental results indicate that the application of supported ionic liquid membranes to the separation process of organic nitrogen compounds and heptane is potentially applicable to the deep denitrogenation process of fuel oils. 
